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Introduction 3 5
Antibiotics are part of the microorganism's arsenal in their struggle to master 3 6 microbial ecosystems (1). Most antibiotics are non-ribosomal peptides assembled by 3 7 megaenzymes, the non-ribosomal peptide synthetases (NRPS) that have structural motifs 3 8 which appear to be among the oldest of the living world (2, 3). As part of the Red Queen active site (5) . The struggle between β -lactams and β -lactamases appears to be essentially 4 6 limited to bacteria. In archaea microorganisms, it may be useless in this context as the 4 7
antibiotic target in their cell wall is lacking (6, 7). In the current study, following a phylogeny 4 8 analysis, we have investigated the presence of β -lactamase enzymes in archaeal species. The
Archaeal class C-like β -lactamases: Four significant sequences homologous to 1 0 3 bacterial class C β -lactamase sequences were identified in archaea database using the inferred 1 0 4 bacterial class C ancestor sequence ( fig. 3 ; Suppl. Table S1 ). The phylogeny analysis shows 1 0 5 that this third-class C-like of β -lactamases appears to be a very old class, a putative new clade, 1 0 6 which cannot be identified without the reconstruction of the common ancestor ( fig. 3) . As hydrolyzing the nitrocefin (data not shown). This enzymatic activity was also confirmed by However, the β -lactams susceptibility testing of the recombinant E. coli strains harboring this 1 2 0 sequence reveals no reduced susceptibility as compared to the control E. coli strains. given the well-known and documented natural resistance of archaea to β -lactam antibiotics, it 1 2 7 did not make sense to discover the existence of archaic β -lactamases in this microorganism 1 2 8
group. In this current study, we show that two classes of β -lactamases can be found in
archaea, especially in Methanosarcina species. These latter have the largest genomes in the 1 3 0 archaea kingdom because of a massive horizontal gene transfer (HGT) from bacteria (15).
The identified class B appears highly conserved in archaea, with a unique transfer event in 1 3 2
Elizabethkingia species whereas, the class C enzyme appears as a new clade and more closely and RNA metabolism (16, 17) . Here, we show that these archaeal enzymes can hydrolyze also A total of 1,155 amino acid sequences were retrieved (Class A: 620; B: 174; C: 151, 1 5 0 and D: 210) from the ARG-ANNOT database (21). The phylogenetic trees were inferred 1 5 1 using the approximate maximum-likelihood method in FastTree (22). For a detailed and 1 5 2 comprehensive diversity analysis, a few sequences from each clade of the trees were selected 1 5 3
as representatives of the corresponding clades (labeled in red in fig. S1 and S2) .
The ancestral sequence was inferred using the maximum-likelihood method conducted 1 5 5 by MEGA6 (23) software. Then, these ancestral sequences were used as queries in a BlastP solution of each antibiotic was prepared anaerobically in a sterilized Hungate tubes at 1 7 1 concentration of 5 mg/ml. Then, 0.1 ml of each one of these solutions was added to a freshly 1 7 2 inoculated culture tube containing 4.9 ml of the tested stain to obtain a final concentration of 1 7 3 100µg/ml for each antibiotic herein tested. The mixture of antibiotic and archaeal culture was 1 7 4 then incubated at 37°C and the growth of archaea was observed after 5 to 10 days incubation 1 7 5 depending on the tested strain. Control cultures without antibiotic were also incubated in the 1 7 6 same conditions to assess the strain growth and non-inoculated culture tubes were used as 1 7 7 negative control. In vitro activity test: culture was grown at 37°C until reaching an OD600 nm = 0.8, followed by addition of L- mg/mL, 10µg/mL and 0.1 mM. Partially lysed cells were then disrupted by three consecutive 1 9 0 cycles of sonication (30 seconds, amplitude 45) performed on a Q700 sonicator system 1 9 1 (QSonica). Cell debris was discarded following a centrifugation step (10,000 g, 20 min, 4°C). BBL™ Cefinase™ paper disc test(26) (Becton Dickinson). All protein samples were adjusted sulbactam, was also monitored using a Synergy HT microplate reader (BioTek, USA). prepared. After adding 0.5 mM nitrocefin, its hydrolysis was monitored over time with 2 1 5 absorbance at 486 nm. Furthermore, the activity of MetbaB enzyme was evaluated at different 2 1 6 pH (between pH7 and pH10) using the same nitrocefin assay conditions. 
